
NASA Contractor Report 187163
AIAA-91-2342

_3/_Y/
i

Applied-Field MPD Thruster
Geometry Effects

Roger M. Myers
Sverdrup Technology, Inc.

Lewis Research Center Group

Brook Park, Ohio

(NA_A-CR-l_7163) A°PLIFO-FIELD MPD TNRUSTER

GEOMETRY EFFECT_ Fin_1 _eporL (Sver_lrup
Techno|o_y) 36 p CSCL 21H

G3/20

N91-27217

Unc1_s
0031_81

August 1991

Prepared for
Lewis Research Center

Under Contract NAS3-25266

RI/ A
National Aeronautics and

Space Administration





Applied-Field MPD Thruster Geometry Effects

Roger M. Myers _

Sverdrup Technology, Inc.

NASA Lewis Research Center Group

Brook Park, OH 44142

Abstract

Eight MPD thruster configurations were used to study the effects of applied-field

strength, propellant, and facility pressure on thruster performance. Vacuum facility back-

ground pressures higher than ~ 0.12 Pa were found to significantly influence thruster perfor-

mance and electrode power deposition. Thrust efficiency and specific impulse increased

monotonically with increasing applied field strength. Both cathode and anode radii funda-

mentally influenced the efficiency-specific impulse relationship, while their lengths influenced

only the magnitude of the applied magnetic field required to reach a given performance level.

At a given specific impulse, large electrode radii result in lower efficiencies for the operating

conditions studied. For all test conditions, anode power deposition was the largest efficiency

loss, and represented between 50% and 80% of the input power. The fraction of the input

power deposited into the anode decreased with increasing applied field and anode radius. The

highest performance measured, 20% efficiency at 3700 seconds specific impulse, was

obtained using hydrogen propellant.
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Introduction

Magnetoplasmadynamic (MPD) thrusters have demonstrated performance levels and

power handling capabilities of interest for application to Earth orbit, unmanned planetary,

cargo, and piloted missions. For MPD thrusters to successfully compete with conventional

chemical propulsion systems, the thrusters will typically require power-to-thrust conversion

efficiencies greater than 40% at specific impulses over 4000 seconds with the thrusters

operating at power levels over one megawatt. The required total impulses for missions to the

moon and Mars range from 1 x I08 to I x 109 N-s. To date, MPD thrusters have been

operated continuously at power levels over 500 Kw at - 20% efficiency and 1500 seconds

specific impulse, or in a quasisteady-state mode (with durations - 1 millisecond) at powers of

several megawatts with efficiencies up to 40% and 5000 seconds specific impulse _. The

maximum demonstrated total impulse is l x 10 6 N-s. These thrusters have been tested with

and without externally applied magnetic fields, and the applied-field thrusters have consistent-

ly shown better performance than those that rely solely on the self-induced magnetic field.

While several authors have made this observation 2'3 there is currently neither a fundamental

understanding of applied-field MPD thruster performance nor a systematic data base from

which to derive empirical scaling laws. Furthermore, it is critical that such a data base be

established to use for model verification. The purpose of this work was to address this issue

by testing several thruster geometries in a systematic fashion over a wide range of operating
conditions.

A typical MPD thruster, shown in Fig. 1, consists of a central cathode with a coaxial

annular anode. Propellant, injected through an insulating boron nitride plate at the rear of the

chamber, is heated, ionized, and accelerated to high velocity via the interaction of the

discharge current passing between anode and cathode and either the self-induced or externally

applied magnetic field. The thruster power balance is usually dominated by the thrust power,

unrecovered power used to heat and ionize the propellant, and the power deposited into the

anode, with cathode power and radiation losses representing only a small fraction of the input

power. The discharge voltage is determined by the ohmic dissipation, back EMF, and the

electrode fall voltages, where the latter play a dominant role in establishing the power

deposited into the electrodes. Self-field thrusters must be operated at very high current levels

(over 10 kA) for the ohmic and back EMF terms to dominate the electrode falls and thus

enable deposition of most of the power into the accelerating plasma. For self-field thrusters

operated at lower currents the electrode falls dominate the discharge voltage, so that most of

the discharge power is deposited into the electrodes. Applied-field thrusters mitigate this

problem by introducing another back EMF term to Ohm's Law and decreasing the plasma

conductivity, both of which increase the discharge voltage. However, by itself, increasing the

discharge voltage is insufficient to improve the thruster performance, since the additional

energy deposited into the plasma must be converted into th-mst:_wer. Experimental studies

have shown that both these phenomena, an increase in discharge voltage and enhanced thrust,

occur with most applied-field thrusters. However, it is not possible from the available data to

determine performance limits for these thrusters or even establish what geometries and
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operatingconditionsareassociatedwith improvedperformance.Correlationsbetweenthe
life-limiting mechanismsand performancehavenot beenaddressedat all.

Facility limitations suggest that for the foreseeable future continuous MPD thruster

testing will be limited to power levels below about one megawatt. This dictates the establish-

ment of both an empirical data base and verified numerical models to permit rational

extrapolation to higher power levels. This requires both high fidelity thruster performance

evaluation and establishment of scaling laws in terms of fundamental parameters.

This paper presents the results of performance measurements made on eight MPD

thruster electrode configurations run on argon and hydrogen propellants at power levels

between 50 and 150 kW. The thruster geometries and operating conditions were chosen so as

to permit, as far as possible, isolation of the effects of the individual geometric parameters.

Following a discussion of the thruster designs and experimental facility, the results of the

performance and power balance measurements are presented, including measurements made at

several facility pressures. The implications of these results for applied-field MPD thruster

scaling are then discussed in the context of existing theoretical models for these thrusters.

Finally, a summary of the major conclusions from this work is presented.

Experimental Apparatus

Thruster and Applied Field Magnet Designs

Several thruster geometries were tested with and without applied magnetic fields. A

typical thruster, shown schematically in Fig. 1, consisted of a cylindrical copper anode with a

coaxial, 2% thoriated tungsten cathode. Both electrodes were water cooled, the anode via a

passage in its wall, the cathode by conduction through a water cooled copper cathode clamp.

A boron nia'ide backplate was used to inject propellant through holes located near the

midradius between anode and cathode and through an annulus at the cathode base. The

dimensions of the anode and cathode geometries tested are given in Table 1. The cathode

used for geometry G had a conical tip, for all other geometries the cathode tip was hemi-

spherical. In addition to the cylindrical anodes (geometries A - G in Table 1), a test was

performed using a 7.62 cm long flared anode. The flared anode had a 2.5 cm upstream

diameter and a 5.1 cm radius exit plane with an expansion angle of 33 degrees. The

dimensions of the flared anode thruster (geometry H) were chosen to permit direct compari-

son with the 2.5 cm and 5.1 cm radius straight cylinder anodes.

The MPD thrusters were mounted inside solenoidal coils used to generate the applied

magnetic fields. Two coil sizes were needed to accomodate the various thruster geometries

and maximize the potential applied field. The first, with a bore diameter of 15.3 cm and a

length of 15.3 cm, consisted of 36 turns of 1.3 cm diameter copper tubing; it was used for

tests of geometries A, B, and G. The second, with a bore diameter of 20.3 cm and length of
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15.3cm, wasmadeusing28 turns of 1.9 cm diameter copper tubing; it was used for tests of

geometries C - F and H. For all tests described in this report the thrusters were mounted

such that the anode exit plane was flush with the end of the solenoid. The axial field

strengths were measured as a function of magnet current and checked for symmetry. These

calibrations yielded axial field strengths of 1.66 x 10.4 T/A and 8.48 x 10 .5 T/A at the

centerline of the magnet exit plane for the 15.3 and 20.3 cm magnets, respectively. The

solenoidal field shapes are discussed in Ref. 4. All field strengths reported below correspond

to the field value at the centerline of the magnet exit plane.

Vacuum Facility, Power, and Propellant Management Systems

The MPD thruster test stand, shown in Fig. 2, was mounted inside a 3 m diameter test

chamber separated from the main 7.6 m diameter, 21 m long tank by a 3 m diameter gate

valve. The main tank was pumped by twenty 0.9 m diameter oil diffusion pumps backed by

three roots blowers and two roughing pumps. This facility maintained a backpressure below

0.07 Pa (5 x 10 -4 Torr) at argon flow rates below 0.16 g/s, or hydrogen flow rates below

0.030 g/s.

The thruster power supply consisted of a series-parallel network of six 65 kW arc

welding supplies. This network, which supplied up to 3000 A at 130 V, was electrically

isolated from ground. A single 65 kW welding supply provided up to 1500 A to the applied-

field magnet. The thruster was ignited using a 2 kW 900 V direct-current supply which was

attached to the thruster electrodes in parallel with the main power system. Diodes protected

the main power supply from the high voltage of the igniter. The welding supplies had

substantial ripple, the magnitude of which varied slightly with thruster geometry and

operating condition. Typical thruster discharge current and voltage traces sampled at 2 kHz

are shown in Fig. 3. These were obtained using thruster geometry G at an applied magnetic

field strength of 0.182 T and a discharge current of 750 A. The ripple was ~ 20% at a

frequency of ~ 600 Hz for both the discharge current and voltage.

The thruster and applied field magnet were water cooled using separate closed loop

heat exchangers, each providing up to 0.47 I/s of distilled water. Two smaller heat exchan-

gers provided up to 0.1 l/s of water to cool various diagnostic systems in the facility.

Domestic water was used to cool parts of the facility located close to the test stand.

Propellant was fed to the thruster using two independent flow paths. This permitted

changes in the thruster propellant distribution and the gradual mixing of up to three propel-

lants using a series of valved cross lines between the two flow paths. Propellant flow rates

were measured using thermal conductivity type flow controllers with 2% precision. A

constant volume calibration system connected in series with the thrusters was used periodical-

ly to obtain an absolute measure of the gauge accuracy for all propellants tested. These

calibrations showed that the propellant flow rate was accurate to within 3%. The propellant

feed system had the capability to provide a fast pulse of ~ 100 kPa gas to the chamber

during discharge ignition. This was accomplished by providing a gas line which ran directly



to the thruster and bypassed the flow meters. The gas pulse was fired using a solenoid valve
located inside the tank next to the thruster.

Performance and Power Balance Measurements

The thrust stand, described in Ref. 5, consisted of an inverted pendulum with an

oscillation damping circuit, remote leveling apparatus and an in situ calibration mechanism.

The leveling mechanism was used to compensate for tank distortions during pump down and

for the different masses and centers of gravity of the various thruster configurations. The

motor driven calibration mechanism consisted of three 1.52 N weights which were suspended

from the thruster using a pulley. The influence of the applied-field magnet on the thrust

measurement was checked before and after each test. In addition, an extensive series of tests

were performed with various shorting bar configurations mounted on the thrust stand to study

the influence of the discharge current on the thrust measurement, including one in which the

cooling water temperature was raised to over 66 ° C to simulate the effects of high power

thruster operation on the current conducting flexures. In none of these tests did the tares

exceed an equivalent force of 0.01 N, or approximately 1% of the typical thrust levels.

However, extended (> 2 hr) thruster operation at powers over 100 kW could introduce zero

shifts of up to 0.1 N. This forced periodic repetition of the initial operating point of an

extended test throughout the test duration. Comparisons of the offsets observed in this fashion

and that measured after termination showed good agreement, and reduced the experimental

error to less than 3%.

The total heat transfer to the anode and the heat conducted into the cathode base were

measured calorimetrically by monitoring the cooling water temperature rise and flow rate.

The temperature rise was measured using type K thermocouples imbedded a minimum of l0

cm into the flow tubes. The water flow rate was determined using turbine flow meters. Both

these measurements were calibrated several times during the course of the experiments, the

water flow rates were accurate to within 2% and the temperatures to +/- 0.5 ° C. To maintain

the measurement accuracy within 5%, the water flow rate was periodically adjusted such that

the temperature rise was over 10°C.

Thruster performance was monitored in several ways. All voltages, currents, propel-

lant flow rates, and temperatures were continuously displayed on a set of panel meters and

simultaneously fed into a computerized data acquisition system. The digital system could be

used in three modes, including automatic recording of a full set of data at a specified time

interval, ranging from 1 second to 2 minutes, recording a single data set in response to a key

stroke, or recording 200 full data sets at 2 kHz. The latter mode was used to check current

and voltage ripple and record transients. All instrumentation was calibrated periodically.

Voltage and current measurements were accurate to within 1%.
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Experimental Procedure

Thruster performance was characterized in terms of thrust efficiency, q, and specific

impulse, I_p, defined by:

1,2 T
- - (1)

,1 2vddi, , mgo

from which it is clear that measurements of thrust, discharge voltage and current, and

propellant flow rate were required. No effort was made in this work to subtract cold flow

thrust or to include the applied-field magnet power in the calculations. The latter was

justified on the basis that the magnet power can be dramatically reduced via a simple redesign
of the coils.

As discussed in detail below, anode power deposition was by far the dominant loss for

all operating conditions. Typically, between 50% and 80% of the input power was deposited

into the anode, while less than 5 % was either conducted up the cathode base or radiated from

the cathode surface. It has been shown previously that for argon propellant the convective

and radiative terms of the anode power balance are small, leading to the power deposition

equation6:

5kL
eo = L(v . + + 4,)

2e

The In'st term in this equation represents the contribution of the anode fall voltage, the second

represents the thermal energy of the incoming electrons, and the third represents the contribu-

tion of the anode material work function. Note the fall voltage in this context is not the

sheath voltage, but rather is a term which describes the directed energy of the electrons when

iheyhit the anode surfacel in this work the electron temperature inside the chamber was not

measured, so it was not possible to isolate the effects of the anode fall. However, Gallimore 9

showed that for tests using argon propellant the dominant contribution to the anode power

came from the anode fall voltage, and that the relative contributions of the terms did not

change dramatically with increasing applied field strength. This evidence notwithstanding, in

this work the "effective anode fall voltage" was calculated by dividing the anode power by

the discharge current.

Each test began by presetting the mass flow rate and allowing the tank background

pressure to stabilize. The applied field magnet was then turned on and a set of countdown

timers were used to activate the main power supply, fire the gas pulse (if necessary), and turn

on the high voltage igniter in a preset sequence. A color video camera was used to monitor

and record all tests. The ignition phase was usually characterized by some particulate

ejection, though this ended within one to three seconds if the thruster was operating properly.
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Oncethe dischargehad stabilized,datacollection began. The thrusterwasallowed to remain
at a given operatingpoint for a few minutesbeforea dataset wastaken,andeachmeasure-
mentwastakenseveraltimesto ensurerepeatability. An attemptwas madeto determinethe
stableoperatingenvelopefor eachthrustergeometry,thoughthis wasprecludedin several
casesby the limited cooling capacityof thethrusterwaterheatexchanger.For most
geometries,operationwasattemptedat propellantflow ratesof 0.05,0.1, and0.14g/s argon,
dischargecurrentsof 750, 1000,1500,and2000 amps,and magneticfield strengths,measured
at thecenterlineof the magnetexit plane,between0 and0.2 Tesla. For all tests,weight loss
measurementsof the cathodeandboron nitride backplatewere usedto establishanupper
boundon the erosionratesandtheir contributionto the propellantstream. This contribution
neverexceeded0.5%of the injected flow. While someanodeerosionwasevidentwith the
largeradiusthrusters,it was impossibleto quantify dueto thelarge massof the anodeand
the limited resolutionof the weight balance.

Thruster Performance and Power Balance

In the following sections the effect of facility pressure, thruster geometry, and

propellant species are discussed. For all thrusters used in this study turning the magnetic

field off resulted in unstable operation characterized by particulate emission. As discussed in

Ref. 4, it appears that this results from a decrease in the cathode surface temperature with

decreasing applied-field strength and the resulting inability of the cathode to emit the

discharge current in a diffuse fashion. This paper does not address the impact of discharge

current, propellant flow rate, or injection scheme on thruster performance. Throughout, an

attempt was made to establish the scaling relationships needed to improve thruster perfor-
mance.

Effect of Facility Background Pressure

Of critical importance in experimental MPD thruster work is the influence of the

facility pressure on the measurements. Sovey and Mantenieks _, in their review of past MPD

thruster work, showed that the facility pressure had to be less than 0.07 Pa (5 x 10 -4 T) to

avoid affecting the performance measurements. However, it was impossible to assess how

this requirement changed with thruster configuration and operating condition. For instance,

research at the University of Stuttgart indicated that for nozzle type self-field thrusters

operated at high mass flow rates with argon, the facility pressure has no impact below

approximately 5 Pa (4 x 10 .2 T) 7. At present there is only a very limited understanding of the

mechanisms by which ambient gas influences the performance and power balance of MPD

thrusters, which means that the effects should be verified with each device. This places

unreasonable constraints on the experimental program, which forces selection of geometries
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and operating conditions where the sensitivity to backpressure is high. With this in mind, a

test was performed with geometry C with an argon propellant flow rate of 0.1 g/s, a discharge

current of 1500 A, and an applied field strength of 0.021 T. Thruster performance at the

lowest available tank pressure was 1750 seconds at 13% efficiency. After running stably at

this condition for approximately 15 minutes the diffusion pumps were turned off. The tank

pressure started to rise approximately 10 minutes later. As shown in Figures 4 - 7, the tank

pressure had a dramatic effect on all thruster parameters, including thrust, discharge voltage,

and the effective anode fall voltage. Negligible effects were evident until approximately 0.12

Pa (9 x 10 -4 Torr), though above this all measured parameters decreased sharply with

increasing pressure. For the pressure range studied, the thrust dropped over 15%, from 1.7 N

to 1.3 N, and the discharge voltage dropped - 25%, from 80 V to 60 V. The slight minima

observed at - 4 Pa (3 x 10: Torr) in the thrust led to a corresponding sharp increase in the

measured efficiency, as shown in Fig. 6. It is important to note that the decrease in the

effective anode fall voltage corresponds closely to the decrease in the discharge voltage (Fig.

7), which suggests that the drop in discharge voltage was due in part to a reduction in the

anode fall. This result indicates that ambient gas entrainment at high pressure may play a

dominant role in the anode fall region.

Influence of Thruster Geometr_'

Anode Radius

Changing the anode radius and shape had large effects on the terminal voltage,

specific impulse and efficiency, as shown in Figures 8 - 10. The thrusters used for these tests

were geometries A, B, C, and H, from Table 1. All data shown were taken with an argon

flow rate of 0.1 g/s ata discharge current Of i000 A. The large scatter in the terminal

voltage observed at low applied magnetic field strengths with [geometry B was due to changes

in the anode power deposition (see belOw). The terminal voltage, specific impulse, and

efficiency increased nearly linearly with applied-field strength, up to a maximum performance

which was limited by the capacity of the thruster water cooling. The highest efficiency for

these operating conditions was 23%, and was measured with the smallest radius cylindrical

anode (geometry A). The maximum measured specific impulse for these operating conditions

was approximately 1800 seconds for all thrusters. Listed in Table 2 are the slopes of the

linear least-squares fits to the data. The rates of increase of all three performance parame-

ters with applied-field strength increased approximately quadratically with anode radius for

the cylindrical thrusters. The flared anode thruster slopes were close to the 2.5 cm radius

anode, geometry A, for the voltage and between those for geometry A and B for the specific

impulse. These differences are reflected in the efficiency - specific impulse characteristics,

shown in Fig. 11, where the flared anode thruster has the highest slope and the three

cylindrical geometries all have similar, though lower, slopes.

The effects of applied-field strength and anode radius on anode power deposition and

the effective anode fall are shown in Figures 12 and 13. It is clear that the anode power

fraction decreases with both increasing applied-field strength and with increasing anode
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radius. The anodepowerfraction of the flaredanodegeometrywasclosestto that for the

largest cylindrical thruster, geometry C, and appears to fall more rapidly with increasing

applied field than that for the cylindrical thrusters. This is reflected in the behavior of the

effective anode fall voltage (Fig. 13) which appears to increase linearly with the applied field

for all geometries. The large scatter for geometry B was directly reflected in the discharge

voltage, but did not appear to influence the thrust. The effective anode fall for the flared

anode thruster had the lowest dependence on the applied field strengths.

Note that while the anode power fraction is smallest with the largest radius thruster,

for the operating conditions shown the thrust efficiency is highest with the smallest radius

thruster (Fig. 10). This shows that the efficiency with which power deposited into the plasma

is converted to thrust is significantly higher with the smaller thruster.

Anode Length

The effect of anode length was tested with the 5.1 cm radius cylindrical anode using

lengths of 7.6 and 15.2 cm (geometries E and F). As shown in Figures 14 - 16, doubling the

anode length reduced the thruster voltage, specific impulse, and efficiency, but did not

significantly influence the rate of change of these parameters with the magnetic field. The

changes in magnitude were very large, with the 15.2 cm long anode yielding results 15% to

30% below those of the 7.6 cm long anode. The impact of these changes on the efficiency -

specific impulse characteristic are shown in Fig. 17, where it is seen that while the two

geometries lie on the same overall curve, data taken with the longer anode appears only in the

lower ranges of efficiency and specific impulse. Thus, it appears that anode length does not

have the same fundamental influence as the anode radius, though it does affect the applied

field required to achieve a given performance level.

Figures 18 and 19 show the effect of anode length and applied field strength on the

anode power fraction and the effective anode fall voltage. The longer anode consistently

showed about 10% higher anode power fraction and 5 V higher effective fall voltage. The

anode length did not significantly change the rate of increase of the effective fall voltage with

the applied field strength. Note that in large part the change in anode power fraction explains

the difference in thrust efficiencies. While this presumes that other losses are constant, the

quantitative agreement observed across the range of field strengths indicates that the dominant

reason for the change in efficiency was an increase in the anode loss with the longer anode.

Cathode Radius

As shown in Fig. 20 the cathode radius had little effect on the voltage magnitude and

only a slight effect on its rate of increase with magnetic field. The latter effect was observed

at other discharge currents, which indicates that the effect was real. The voltage increased

from approximately 60 V at 0.03 T with both cathode geometries to over 100 V at high field

strength. The upper applied field limit with the 0.64 cm diameter cathode, geometry C, was

reached at an applied field strength of 0.065 T, when sparks were observed coming out of the
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chamber. No suchphenomenawereobservedwith the largercathode,for which the upper
limit wasdue to the magnetpower supply. The cathoderadiushada large effecton the
specificimpulseandefficiency,asshownin Figures21 and 22, with the 0.64cm radius
cathodeyielding muchhigher specificimpulsesandcorrespondinglyhigherefficiencies. In
fact, the slopeof the least-squaresfit to bothparametersappearsto be inverselyproportional
to the cathoderadius. Plotting the efficiency - specific impulsecharacteristic(Fig. 23) shows
that the smallerradiuscathodehad a higher magnitudeand a modestlyhigher slopethan the
largercathode.

The anodepowerfraction, shownasa functionof magneticfield strengthin Fig. 24,
was -10% lower for the small radiuscathode. It is evident from Fig. 25, however,that the
effective anodefall voltagewasthe samefor thesetwo geometries,so that thedifferencein
power fraction is due solely to an increasein the voltageacrossthe plasma.

Cathode Length
The shortcathodeusedfor this study,geometryG, had a conical tip and was 2.5 cm

long. It is clear from Fig. 26 that cathode length had no effect on the discharge voltage,

which increased from ~ 40 V at low applied field strength to ~ 115 V at the higher fields.

However, the specific impulse and efficiency, shown in Figures 27 and 28, were higher with

the short cathode thruster, though their rate of increase with magnetic field was lower than

with the long cathode thruster. The maximum specific impulse and efficiency, 2300 seconds

at 23%, were measured with the short cathode thruster, It is clear from the efficiency -

specific impulse characteristic shown in Fig. 29, however, that changing the cathode length

did not affect the shape of this curve, though the long cathode data was restricted to the lower

ranges of efficiency and specific impulse.

Reducing the cathode length reduced the anode power fraction by ~ 25%. Figure 30

shows that while the anode power fraction decreased rapidly from about 72% to 60% for the

long cathode, it never exceeded 52% for the short cathode. While there is substantial scatter

in the effective anode fall data at low applied fields shown in Figure 31, it is clear that the

rate of increase of the effective anode fall voltage was the same for both cathode geometries,

though its magnitude was approximately 6 V higher with the 10ng cathode. In contrast to the

case with the anode length, the difference in thrust efficiencies for the two cathode lengths

cannot be explained solely on the basis of changes in the anode power fraction. For example,

at a field strength of 0.12 T the anode power fraction is 25% less with the short cathode

thruster, but the thrust efficiency is only - 10% higher. It is clear that other loss mechanisms

change when the cathode length is changed.

The effect of cathode length could not be correlated with the ratio of LdLo since the

anode length studies described above showed that extending the anode made performance

worse. As described in Ref. 6 shortening the cathode had a dramatic effect on the plume

characteristics - which was not observed when the anode length was increased. It is possible

the observations described here are a result of the combined effects of shortening the cathode
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andchangingthe tip shape to a cone. These changes may both increase the current emission

from the tip and improve the flow field around it. These effects are further discussed in Ref.

4.

Influence of the Propellant

The influence of propellant species was studied by comparing tests run with hydrogen

and argon at the same mass flow rate. The facility pumping limits required that this study be

done at a mass flow rate of 0.025 g/s, since this was the highest hydrogen flow rate for which

the tank background pressure could be maintained below 0.07 Pa. This in turn forced the use

of geometry A, with a straight 2.5 cm radius anode, since it was the only thruster that

operated stably with this low an argon mass flow rate. Figures 32 - 35 show that all

performance parameters for a given applied field strength are much higher with hydrogen than

argon, with the discharge voltage increasing by 10 - 20 V, the specific impulse by just under

1000 seconds, and the efficiency almost doubling. The highest measured performance was

3700 seconds specific impulse at 20% efficiency. The efficiency - specific impulse character-

istic shown in Fig. 35 reemphasizes these differences, and shows that the slope of this

characteristic was not affected by the change in propellant. This result is particularly

interesting in light of the dramatic change in the behavior of the anode power fraction shown

in Fig. 36 for this test case. At the very low flow rate used in this test, 0.025 g/s, the anode

power fraction for argon actually increases with increasing applied field strength, in sharp

contrast to the results for higher argon flow rates (discussed above) and those for hydrogen

shown in the figure. The effective anode fall results shown in Fig. 37 reiterate the observed

differences, with the hydrogen results starting at a slightly higher fall voltage but increasing at

a much slower rate than those for argon. Note that direct comparison of the effective anode

fall voltages for argon and hydrogen is difficult because convective heat transfer almost

certainly plays a larger role with hydrogen than with argon.

Scaling Relationships

The above data were used to establish the dependencies of the thruster performance

parameters on thruster geometry. Partial derivatives of voltage and thrust with respect to

applied field strength were obtained from the data to extract the functional forms of these

relationships. The result for thrust was

Ta B + k:_f(La)
klLflc

(3)

where the second term simpl_, indicates that while the thrust depended on the anode length,
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the length had no effect on the influence of the magnetic field.
result was

R 2

k,R 

For the terminal voltage the

(4)

where again the second term represents the impact of the electrode lengths. In these

relationships kl,k2,k3, and k 4 are constants. The only known analytic model for applied field

MPD thruster plasma acceleration is that of Fradkin 8. In that work, relations are derived for

the thrust and plasma potential drop as functions of applied field strength and thruster

geometry. The complexity of the problem dictated use of the following assumptions:

1. The dominant acceleration was due to the recovery of azimuthal momentum.

2. The plasma was confined to the magnetic flux tube emanating from the anode.

3. The plasma rotated as a solid body

4. Negligible viscosity

Note that contributions due to the self-magnetic field, pressure forces, and azimuthal currents

interacting with the radial magnetic field were neglected. Neglect of self-field terms was

easily justified for the test conditions in this work (discharge currents - 1000 A), but neglect

of thermal acceleration and azimuthal current terms relied on assumed plasma properties (ion

temperature and density gradients) for which there was little supporting data. The results of
the model were:

T=-_2BJdRa[1-3 (Rc )2]2- Ra- -
(5)

and

+ BEjd R_ (6)

2th

where V_ is the voltage drop due to ohmic heating and the electrode falls. The model

correctly predicted the experimentally observed linear dependence of thrust on magnetic field

strength and the quadratic increase in discharge voltage with anode radius. However, it is

clear that for the operating conditions studied in this work the thrust increased quadratically,

not linearly, with anode radius, and the discharge voltage increased linearly, not quadratically,

with applied field strength. In addition, the model dependence on cathode radius is very

weak, in contrast to the experimental results. While the measured effect of anode length may

be a result of viscous effects, which were neglected in the model, it appears the cathode

length plays a different role since it affected both the magnitude and the rate of thrust

increase with applied field. It is not clear, at present, which of the model assumptions

breaks down for the operating conditions used in this work, and clearly this should be a focus

of future work. Furthermore, to accurately compare the analytical model with experimental

results it is necessary to isolate the voltage drop across the plasma from the total discharge
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voltage: the scaling of the anode fall voltage may preclude accurate comparisons until this is

done. At present the absence of electron temperature measurements close to the anode

prevent accurate assessments of the anode fall voltage and limit work to studies of the

effective anode fall.

__ The effective anode fall voltage increased linearly with applied field strength for all

geometries. The only geometric parameters which altered the slope of the effective fall

voltage vs. applied field were the anode radius and shape, though it was not possible to

establish a quantitative dependence. The effective fall voltage increased slightly with anode

length and decreased with decreasing cathode length. It was independent of cathode radius.

A tentative explanation for the scaling of the effective anode fall voltage was

advanced previously in Ref. 9. In that work it was shown that the electron Hall parameters

near the anode are between 10 and 100, and that the electron gyro radius can become

comparable to the Debye length for field strengths used in these experiments. The decrease

in plasma density associated with larger thruster sizes may be the cause of the observed anode

radius dependence. A decrease in plasma density would result in an increased electron Hall

parameter and decrease the rate of cross-field diffusion to the anode, requiring a higher

electric field at the anode to conduct the discharge current. The comparison between

hydrogen and argon supports this argument, since the greater number densities associated with

hydrogen at a given flow rate would reduce the Hall parameter. The observed slow increase

of the effective fall voltage with applied field strength with the flared anode thruster may be

due to the intersection of the anode surface with the magnetic field lines. This would permit

current carrying electrons to travel along field lines into the anode, reducing the requirement
for cross-field conduction near the anode.

Conclusions

Eight applied-field MPD thruster geometries were used to establish the dependence of

thruster performance on geometric scale, applied field strength, propellant, and facility

background pressure. Anode and cathode radii and lengths were varied over a factor of two

for a range of operating conditions. Efficiency and specific impulse were found to increase

approximately linearly with applied-field strength. For a given mass flow rate and discharge

current, hydrogen propellant yielded significantly better performance than argon. The highest

performance, 20% efficiency at 3700 seconds specific impulse, was obtained with hydrogen

propellant at the maximum achievable applied field. For all test conditions the largest

thruster power sink was the anode, which consumed between 50% and 80% of the input

power, For the geometries and operating conditions studied, both thrust and discharge voltage

increased linearly with applied-field strength, quadratically with anode radius, and decreased

with increasing cathode radius. The thrust also decreased with increasing cathode and anode

length, though the latter did not affect the thrust vs. applied-magnetic field slope. The
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voltagewas independentof cathodelength,but increasedwith decreasinganodelength.
Theseresultsshowedthat only the electroderadii havea fundamentalimpacton the efficien-
cy - specific impulsecurve,with smaller radiuselectrodeshavinghigherefficienciesat a
given specific impulsefor the operatingconditionsstudied. The observedscalingwith
electroderadii for applied-fieldthrusterswasvery different than that for self-field thrusters,
for which thrust scalesas In(RJR_.).The electrodelengthsmerelychangedthe required
appliedfield strengththe achievethe desiredperformance.Facility pressuresabove0.12Pa
(9 x 10-4Tort) hada largeimpacton thrusterperformanceand anodepower deposition.
Thrust anddischargevoltagefirst decreasedwith increasingfacility pressure,then the thrust
increasedslightly asthe pressureapproached4 Pa. The decreasein dischargevoltagewith
increasingpressurewasstrongly correlatedwith a decreasein anodefall voltage.
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Geometry AnodeRadius AnodeLength CathodeRadius Cathode
Ra,cm Lc, cm Rc, cm Length,Lc, cm

A 2.5 7.6 0.64 7.6

B 3.81 7.6 0.64 7.6

C 5.1 7.6 0.64 7.6

D 5.1 15.2 0.64 7.6

E 5.1 7.6 1.27 7.6

F 5.1 15.2 1.27 7.6

G 3.81 7.6 0.64 2.5

H 2.5 - 5.1 7.6 0.64 7.6
(Flared)

Table 1: Dimensionsof the MPD thrusters.

Geometry Voltage vs. Bz,
slope(V/Tesla)

Isp vs.Bz slope
(s/resla)

efficiency vs Bz Efficiency vs.
slope I_pslope

(Teslaj) (secl)

A 254 6171 0.60 9.76x105

B 569 13275 1.43 1.08X10 -4

C 1141 22 120 2.07 9.35xi0 5

H 291 9185 !.30 1.41x10 -4

Table 2: Least-squares slopes for efficiency, Isp and Voltage vs. applied field for four anode

geometries.
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